Abstract-A concept to integrate a thin-film radio-frequency noise suppressor in a transmission line is demonstrated by using Co 85 Nb 12 Zr 3 amorphous film with the microwire array structure. The ferromagnetic resonance loss generation at high frequencies is essential to realize this idea. The degree of noise suppression is only less than 1 dB, which should be improved by optimum design to integrate the magnetic film.
I. INTRODUCTION
T HIS PAPER discusses the possibility of the integrated countermeasure of radio-frequency (RF) electromagnetic noise emission on an RF integrated transmission line by using the loss generation of ferromagnetic thin films. The targeting frequency range is 1-10 GHz, where most of the bulk and the composite ferrite materials have only a small loss generation. Fig. 1 shows the coplanar transmission line discussed in this work. This structure is quite common in the monolithic microwave integrated circuits (MMICs) used for modern IT devices. The signal line at the center is surrounded by the two coplanar ground planes. A magnetic film is placed on top of the coplanar line to reject the noise frequency currents.
II. INTEGRATED THIN-FILM RF NOISE SUPPRESSOR
In Fig. 1(b) , an input signal or noise comes from the left-hand side and is partly reflected at the left-hand end of the magnetic film. The counterpart goes into the magnetic film portion where a certain attenuation occurs due to the magnetic losses. This is the main body of the proposed thin-film RF noise suppressor. Then the transmission signal or noise reaches the righthand-side end of the coplanar line. Thus, the input power turns into the reflection power, transmission power, the losses in the magnetic film and the copper conductor losses. In detail, there are multiple reflections at both ends of the magnetic film but the classification of power delivery stands as above so far. Fig. 2 explains the expected frequency profile of the proposed thin-film RF noise suppressor. The transmission line basically has a passband that covers the signal frequency range. Without the magnetic film, the noise harmonics of the signal pass through the transmission line with only a little attenuation. The ideal role of magnetic film is not to raise insertion losses in the passband and to give as large attenuation as possible to eliminate the noise harmonics at the stop band, where the frequency range is higher than the meaningful signal. This operation is possible by either power reflection at the input end of the magnetic film or power losses in the magnetic film. The magnetic losses are ideal because the power reflection may cause another noise problem where the reflected noise power comes [1] . This principle is applicable to any kind of transmission lines.
III. MAGNETIC THIN-FILM CONSIDERATION
The primary concern with the magnetic thin film is to have large loss generation in a high-frequency range, especially in the gigahertz frequency range where most of the bulk and the composite ferrite materials have only a small loss generation. films are useful for this purpose rather than eddy-current losses in this frequency range.
Controllability of the frequency range of the FMR loss generation is required to match the system design of pass band and stop band. This is possible by using the microwire array concept proposed by the authors [2] : narrow slit trains applied along the easy axis direction of soft magnetic film can enhance the anisotropy field when the magnetic field is applied along the hard axis direction because of demagnetizing the field. The FMR frequency and the apparent permeability are given as follows.
(1) (2) where is the demagnetizing factor obtained by numerical calculations.
In this work, we used a 0.1-m-thick Co Nb Zr amorphous film with different slit width and magnetic film width . The FMR frequency becomes high with increasing and decreasing . The intrinsic anisotropy field of the film was 800 A/m (10 Oe). In Fig. 3, the simulated anisotropy field, , is shown as a function of the slit width. This simulation is identical to the measured anisotropy field.
The corresponding low-frequency permeability was and the FMR frequency was 2.5 GHz when the slit width was m. When m and m, the was less than 40 and the FMR frequency was higher than 3.5 GHz. The permeability along the easy axis was almost unity in the 0.01 MHz-3 GHz range. The frequency profile of the imaginary-part permeability is shown in detail in Fig. 4 . It is obvious that the FMR frequency was successfully shifted with the slit dimension and qualitatively agreed with the calculated value based on the Landau-Lifshiz-Gilbert (LLG) equation [3] .
IV. DESIGN AND MICROFABRICATION OF COPLANAR TRANSMISSION LINE
A model thin-film coplanar line on soda glass substrate was designed to examine the RF noise suppression. The character- istic impedance and effective permittivity of the coplanar line are given as follows [4] .
where , , and are the cross-sectional dimensions of the coplanar line, as shown in Fig. 1(a) . , , , and are the functions of the cross-sectional dimensions of , , , and .
is the permittivity of the substrate material. The line was designed with m, m, m, and m. Line length was mm. The microfabrication process began with an RF-sputter deposition of a 5-nm-thick Ti underlayer, followed by a 3-m-thick Cu layer. Then the Ti-Cu layers were applied by ion milling to define the coplanar transmission line structure. Fig. 5 shows the completed coplanar transmission line. The microwire array of the CoNbZr film was separately processed and put on the transmission line with a 7-m-thick polyimide film in between.
V. ELECTRIC PERFORMANCE
The electric performance was measured with two ground-signal-ground pins (GSG)-type wafer probes, mechanically touched at the left and right ends of the transmission line. A network analyzer (HP 8720D) was used to extract the parameters. Without the magnetic film, the measured attenuation in the fabricated transmission line (intensity of parameter) was only 1 dB up to 20 GHz, as shown in Fig. 6(a) . Then, assuming a lossless line, the phase difference of electric signal between the ends of the transmission line is given as follows.
rad
(5) where is the phase constant of the transmission line. Fig. 6 (b) verifies this calculation agreed well with the measured phase difference. Thus, it is clear that the electric performance of the fabricated transmission line was as expected.
With the magnetic film, the frequency profile of is shown in Fig. 7 . This is an enlarged view of the frequency characteristic at the point P in Fig. 2 . Generally, the degree of noise suppression was not so large. In detail, the design of m and m yielded the largest attenuation at 2.5 GHz where this film should resonate as mentioned in Section III. Similarly, the film of the design with m and m has the FMR frequency at 3.5 GHz and this film showed the largest attenuation at 3.5 GHz.
Further investigations should clarify the relation between the easy axis orientation and the attenuation, the effect of high-frequency magnetic shielding, and the stub issue [1] .
A three-dimensional electromagnetic field simulation (Ansoft, HFSS Ver. 8.0.25) clarified that the attenuation would be significant with the increase of magnetic film thickness because the product of permeability and magnetic film thickness, , in the current design was only up to 12 m.
VI. CONCLUSION
A concept to integrate a thin-film RF noise suppressor onto a transmission line has been demonstrated by using a Co Nb Zr amorphous film with the microwire array structure. The FMR loss generation at high frequencies is essential to realize this idea. The degree of noise suppression is only less than 1 dB, which should be improved by increasing the thickness of the magnetic film.
